Abstract Rapamycin inhibits the activity of the target of rapamycin (TOR)-dependent signaling pathway, which has been characterized as one dedicated to translational regulation through modulating cap-dependent translation, involving eIF4E binding protein (eIF4E-BP) or 4E-BP. Results show that rapamycin strongly inhibits global translation in Drosophila cells. However, Hsp70 mRNA translation is virtually unaffected by rapamycin treatment, whereas Hsp90 mRNA translation is strongly inhibited, at normal growth temperature. Intriguingly, during heat shock Hsp90 mRNA becomes significantly less sensitive to rapamycin-mediated inhibition, suggesting the pathway for Hsp90 mRNA translation is altered during heat shock. Reporter mRNAs containing the Hsp90 or Hsp70 mRNAs' 5′ untranslated region recapitulate these rapamycin-dependent translational characteristics, indicating this region regulates rapamycindependent translational sensitivity as well as heat shock preferential translation. Surprisingly, rapamycin-mediated inhibition of Hsp90 mRNA translation at normal growth temperature is not caused by 4E-BP-mediated inhibition of cap-dependent translation. Indeed, no evidence for rapamycin-mediated impaired eIF4E function is observed. These results support the proposal that preferential translation of different Hsp mRNA utilizes distinct translation mechanisms, even within a single species.
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Introduction
Exposure of cells to stress leads to protein inactivation and ultimately cell death, unless protective responses occur (Parsell and Lindquist 1993; Gabai and Sherman 2002) . A highly conserved response, termed the heat shock response or stress response, occurs in virtually all living organisms from bacteria to humans (Lindquist 1986 ). The characteristic features of the response were initially described and detailed in Drosophila cells exposed to elevated temperatures (Ritossa 1962; Tissieres et al. 1974) , among others, although subsequent studies have shown that a wide array of stressful circumstances, including oxidative stress, abnormal protein accumulation, and endoplasmic reticulum perturbations, induce a similar molecular response (Lindquist 1986) .
The heat shock response provides for the massive, rapid synthesis of a small group of proteins termed the heat shock proteins (Hsps), or stress proteins, that are required to protect, maintain, and restore protein activity in the face of stressful insults (Lindquist 1986 ). The heat shock proteins are typically present in cells at low to undetectable levels before stress. Following stress, a latent transcription factor, heat shock factor, is activated leading to the abundant synthesis of Hsp mRNAs. In Drosophila, significant amounts of the major Hsp, Hsp70, are detected within 30 min of heat shock, and by 3 h Hsp70 is one of the most abundant proteins in the cytoplasm (Cotto and Morimoto 1999; Lindquist 1980a) .
Stress characteristically inhibits numerous facets of metabolic function. At the level of translation, the overall rate of protein biosynthesis is inhibited >90% (Lindquist 1986; Tissieres et al. 1974 ), yet concurrently Hsp mRNAs are efficiently translated (Lindquist 1980b; Li and Duncan 1995) due to primary structure features in their 5′ untranslated regions (5′UTRs) (Lindquist and Petersen 1990) . Neither the specific translation-promoting features of the 5′UTRs nor the specific lesion in the translational machinery that can be circumvented by 5′UTR elements have been clearly defined. These two facets are likely mechanistically linked to provide preferential Hsp mRNA translation during heat shock. This study was developed to investigate how Hsp mRNA structural features allow evasion of translational machinery lesions, using the translational inhibitor rapamycin as a probe.
The macrolide antibiotic rapamycin interacts with cytosolic FKBP to inactivate the target of rapamycin (TOR) protein kinase (Gingras et al. 2001a) . Several downstream TOR targets including the ribosomal protein S6 kinase (S6K) and eIF4E binding protein (eIF4E-BP), or 4E-BP, are prominent regulators of protein synthesis. Indeed, the TORdependent pathway has been described as a signal transduction pathway dedicated to "translational control" (Brown and Schreiber 1996) . More specifically, rapamycin, through its target, the TOR-dependent pathway and 4E-BP, is characterized as specifically inhibiting eIF4E-dependent or cap-dependent translation (Gingras et al. 2001a) . 4E-BP is multiply phosphorylated by TOR and other kinases (Gingras et al. 2001a (Gingras et al. , b, 1999 , which prevents its association with eIF4E and maintains high translation rates. Rapamycin, by inactivating TOR, causes the rapid dephosphorylation of 4E-BP, its subsequent association with eIF4E, and the inhibition of translation (Gingras et al. 2001a) , according to the prevailing current view.
In this study, we have used rapamycin as a probe to investigate the basis for Hsp mRNAs' preferential translation. A prevalent hypothesis posits that Hsp mRNAs are translated by a cap-independent mechanism (Rhoads and Lamphear 1995) . Heat shock causes an inhibition of molecular components of the cap-dependent translational machinery, according to this theory, leading to the repression of virtually all non-heat shock, cap-dependent mRNAs while Hsp mRNAs are spared. Substantial evidence indicates that eIF4F, the principal molecular complex in cap-dependent translation, is partially or wholly inactivated by heat shock (Duncan and Hershey 1984a; Duncan et al. 1987; Panniers et al. 1985; Lamphear and Panniers 1991; Zapata et al. 1991; Zapata et al. 1994; Hess and Duncan 1996) . Furthermore, Sierra, Zapata, and colleagues have elegantly demonstrated that most Drosophila Hsp mRNAs are highly resistant to translational inhibition due to suppression of eIF4F activity in vitro (Zapata et al. 1991; Zapata et al. 1994) . However, Hsp90 mRNA is a fly in the ointment; its translation is significantly inhibited in the Zapata et al. assays, yet numerous reports document its efficient translation during heat shock in intact cells. This suggests the cap-independence model for Hsp mRNA translation is inaccurate, or at least incomplete. Our results using rapamycin have provided a unique insight into this distinction between Hsp70 and Hsp90 mRNAs, suggest a resolution for the apparent contradictory results cited above, and lead us to an intriguing new model for Hsp90 mRNA translation in Drosophila.
Materials and methods
Chemicals Chemicals were purchased from Sigma Chemical Company unless otherwise indicated.
Transfection of Drosophila S2 tissue culture cells Schneider S2 cells were cultured at 22-23°C in Schneider's Drosophila Medium (SM; Invitrogen, Inc) containing 10% fetal bovine serum (FBS), 200 μM L-glutamine, 100 units/ml penicillin, 0.1 mg/ml streptomycin, 0.25 mg/ml amphotericin B (Invitrogen). Twenty-four hours before transfection, the cells were seeded at a density of 1-1.5×10 6 cells/ml in a T25 flask (Corning). For transfection, 10 μg plasmid DNA was mixed with 250 μl 0.5 M CaCl 2 in a total volume of 500 μl. The CaCl 2 -DNA complex was then added dropwise to 500 μl of 2X HEPES-buffered saline (280 mM NaCl, 10 mM KCL, 1.5 mM Na 2 PO 4 , and 50 mM HEPES) with concurrent bubbling. After 15 min incubation, the CaCl 2 -DNA-HEPES mixture was added slowly to the cells with gentle concurrent rocking. 16-18 h post transfection; the transfection media was removed and replaced with fresh SM/ 10% FBS. Cells were used for analysis 48-72 h post transfection, at which time the transgene(s) was induced for 3 h with 500 μM CuSO 4 .
The two plasmids used in this study are termed here p70UTR and p90UTR. The construction of both has been described (Ahmed and Duncan 2004) . Both contain a metallothionein promoter precisely appended to the transcribed region (Ahmed and Duncan 2004) . The coding sequence is an internally deleted version of Hsp70 with M r ∼44 kDa (Hsp70 ΔCd ) (McGarry and Lindquist 1985) . The coding sequence/3UTR cannot be translated during heat shock unless a 5′UTR conferring preferential heat shock translation is present (McGarry and Lindquist 1985; Hess and Duncan 1996; Ahmed and Duncan 2004 (Duncan 1995) . At the start of each experiment, cells were scraped from T25 flasks, pelleted by brief centrifugation (3 mi, 3,000 rpm) in a clinical centrifuge (IEC), and resuspended in Grace's Media lacking methionine (Invitrogen). The cells were then transferred to 20-ml glass scintillation vials, with a stir flea, and allowed to recover ≥15 min with stirring before analyses (at heat shock or normal growth temperature (22-24°C)). Following recovery cells were divided into equal-sized treatment conditions, with some being incubated with 40 ng/ml rapamycin (Calbiochem) for 60 min. For heat shock samples, a cell aliquot was transferred to a 35°C water bath with stirring for 15 min. Between 15 to 30 min (in some experiments 10-30 min), relative to the start of heat shock, all cell treatment conditions (∼5×10 6 cells each, or a 1-ml suspension) were labeled with 15-20 μCi [ 35 S]methionine/cysteine (ICN Biochemicals) for 15 min. At the end of labeling, cells were rapidly pelleted by centrifugation, resuspended in and washed twice with 4°C wash buffer (Earle's buffered salt solution (EBSS): 50 mM KCL, 15 mM MgSO 4 , 4 mM CaCl 2 , 3 mM KH 2 PO 4 , 10 mM dextrose, 8.4 mM HEPES pH 7.2, and 20 μg/ml cycloheximide) by centrifugation. After the final centrifugal wash, the cell pellet was lysed with (for two-dimensional gel analyses) 100-150 μl of Ampholyse buffer (∼9.8 M Urea, 5% 3.5-10 Biolytes (Bio-Rad), 2% Nonidet P-40 (NP-40), 1% β-mercaptoethanol), microcentrifuged for 3 min at top speed (Eppendorf), and the supernatant recovered to give a final protein concentration of ∼2 mg/ml. Protein concentration was measured by Bradford Assay (Bio-Rad), and radioactivity per microgram protein was measured by trichloroacetic acid (TCA) precipitation. For samples to be analyzed by one-dimensional gel electrophoresis, washed cell pellets were lysed in hSDS (0.3% SDS, 50 mM Tris pH 8.0, 1% β-mercaptoethanol, at ∼98°C). The pellet was disrupted by pipeting. A volume of 1/20 of RNase/DNase solution {5 mg/ml DNase, 2.5 mg/ml RNase A, 500 mM Tris pH 7.0, 50 mM MgCl 2 } was added for ∼1 min, viscosity reduced by pipeting, then 1/4 volume of 4× Laemmli-formula sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) buffer was added, and samples analyzed on 1D slab gels as described below for the second dimension of the 2D procedure.
Analysis of proteins by two-dimensional isoelectric focusing/ SDS-PAGE Two dimensional IEF/SDS-PAGE was performed basically as described by O'Farrell (1975) , with modifications as described by Duncan and Hershey (1984b) to promote spot focusing. Briefly, 15-cm 1st D tube gels were polymerized in standard lab supply glass tubing, ∼4 mm OD, to a height of 13.5 cm. The first dimension gel mix contained ∼9.8 M Urea, 4% 5-7, 1% 3.5-10 Biolytes (BioRad), 2% NP-40, 3.5% acrylamide, (5%T bisacrylamide). The upper and lower electrode solutions were 50 mM NaOH and 25 mM phosphoric acid, respectively. Gels were pre-run for 400-600 V h. Approximately 100 μg sample was loaded, overlayed with 3:1 Ampholyse/H 2 O, and run for about 16 h at 800 V. Gels were extruded, equilibrated in 5 ml of equilibration buffer (60 mM Tris pH 6.8, 2.3% SDS, 5% β-mercaptoethanol, 10% glycerol) for 15 min, and resolved on a 10.5% slab gel, Laemmli discontinuous buffer system, at 20 mA for about 4 h, at which time the bromophenol blue tracking dye reached the lower buffer reservoir. Gels were fixed, dried, and exposed to Kodak X-OMAT film for 4-15 days. Protein bands/spots were quantitated by densitometry (LabWorks (UVP)). The Hsp70 ΔCd reporter transgene used in this study is observed as two isoforms (e.g., Fig. 3 ). The relative abundance of each differs between experiments, such that in some transfections both forms are detected in approximately equal amounts, whereas in others the acidic or basic form predominates (e.g., Fig. 6 ).
Sepharose CL-6B column chromatography Lysates were prepared from a T75 flask (∼5×10 6 cells), untreated or treated. Cells were washed three times with 4°C EBSS by centrifugal pelleting and resuspension, using a clinical centrifuge (50 s, ∼3,500 rpm). The cell pellets were resuspended in 1000 μl of 4°C m 7 GTP column buffer (100 mM KCl, 20 mM HEPES pH 7.6, 7 mM β-mercaptoethanol, 0.2 mM EDTA, 10% glycerol) to which the following components were added for lysis: Triton ×-100 to 0.1% and Complete™ protease inhibitor mix (Roche). Cell suspensions were homogenized in a stainless steel homogenizer (7-10 strokes), then centrifuged for 3 min in a microcentrifuge. The supernatant was recovered and directly applied to the Sepharose CL-6B column (28× 1 cm) at 4°C developed in the m 7 GTP-Sepharose buffer. Approximately 750-μl samples were collected using gravity flow; for analysis, the first seven fractions were discarded, based on pilot runs indicating that the excluded peak began to emerge in fraction 8-9. Thirty-microliter aliquots were removed from each fraction, mixed with 10 μl 4X SDS sample buffer, heated for 2 min at 98°C, and analyzed by 1DGE and immunoblotting. The amido schwartz staining pattern of the blot showed the predicted correlation between elution volume and protein molecular mass. The principal exception was that in the excluded material a range of protein sizes including some quite small species was detected.
Purification of eIF4E and associated proteins by m 7 GTPSepharose affinity chromatography Lysates were prepared as described above, for CL-6B analysis. The final supernatant was applied to a 1-ml (swollen) m 7 GTP-Sepharose column at 4°C, and allowed to drain by gravity flow. The flow-through was recovered and passed through the column a second time. This second eluate was saved as the "non-bound" fraction. The column was washed with ∼60 ml m 7 GTPSepharose buffer, at a flow rate of ∼ 1 ml/min, followed by a 10 ml wash with 100 μM guanosine diphosphate (GDP) in m 7 GTP-Sepharose buffer. Finally, the bound eIF4E and associated proteins were eluted with 100 μM m 7 GTP in m 7 GTP-Sepharose buffer. Ten 1-ml fractions were collected, and the content of proteins determined by mixing 30 μl of each fraction with 10 μl 4X SDS sample buffer, heat denaturation, 1D SDS-PAGE, and immunoblotting. In some analyses smaller, equal-volume aliquots from several column fractions were combined (identically for treated and untreated analyses) to provide a single bound fraction. For comparison of input and non-bound proteins, an equal volume aliquot of each fraction was analyzed.
Results
Rapamycin inhibits non-heat shock translation but not, to the same extent, heat shock translation Protein synthesis rate in Drosophila tissue cells was analyzed by pulse-labeling with [ 35 S]methionine. Cells were treated with rapamycin (40 ng/ml [low] or 120 ng/ml [high]) for 1 or 4 h, or left untreated (vehicle (0.1% EtOH) only). A portion of the cell culture from each treatment condition was then heat shocked for 30 min at 35°C (this represents a moderately severe heat shock; under these conditions protein synthesis is typically inhibited 60-80%, rather than >90% as is seen at 37°C). The lower temperature was selected because other investigations have shown that Hsp90 mRNA translation is optimal at 35°C (Ahmed and Duncan 2004) . Proteins were labeled for the final 20 min of heat shock, or for a corresponding interval in the parallel non-heat shocked cultures.
Rapamycin proves to be a potent inhibitor of translation in Drosophila cells. TCA analysis of [ 35 S]methionine incorporation into protein at normal growth temperature using cells pre-treated with rapamycin for 1 h showed 60-90% inhibition (Fig. 1a , dark bars; see also Fig. 2 for a PAGE depiction). The extent of inhibition observed was usually less after 4 h of incubation, indicating a modest translational adaptation to rapamycin occurs (data not shown). The significant inhibition observed in Drosophila cells contrasts with what is typically observed in mammalian cells, in which case rapamycin only inhibits translation by 10-30% within the first several hours (R. Duncan, unpublished results with HeLa and 293 cells, and, e.g., Beretta et al. (1996) , Morley and Naegele (2002) ). The results are similar to the strong translational repression observed in rapamycin-treated yeast cells (Barbet et al. 1996) . The efficacy of rapamycin at inhibiting signaling downstream of TOR was verified by analyzing serum-stimulated lysates for S6 kinase activation using a phospho-T389 anti-active antibody and Western blotting (panel C).
When the same TCA analysis was carried out in heat shocked cells, substantially less inhibition by rapamycin was observed (Fig. 1a , dark bars); again there was evidence for modest translational adaptation in the longer (4 h) treated cells. These results suggest that Hsp mRNA translation may be resistant to rapamycin-mediated protein synthesis inhibition, as a significant fraction of translation during heat shock occurs using Hsp mRNAs. This was confirmed in the next series of analyses.
The translational effects observed by TCA incorporation were verified by SDS-PAGE analysis of labeled protein samples (Fig. 2) . Comparison of lane 1 (untreated) to lanes 2, 3 (40 ng/ml and 120 ng/ml rapamycin, respectively) shows the inhibition of translation in non-heat shocked cells treated with rapamycin for 1 h. Similarly, lane 7 vs. lanes 8, 9 shows the inhibition observed after 4 h of rapamycin treatment. The lesser extent of inhibition at heat shock can be seen comparing lane 4 (untreated) to lanes 5 and 6 (low and high rapamycin). Particularly note that the major heat shock translation product Hsp70 shows little to no inhibition (arrow, Fig. 2 ). This point is more precisely characterized as described below. Likewise, the translation of the small Hsp mRNAs (producing Hsp 26/28 and Hsp 22/23) is not significantly inhibited by rapamycin treatment (arrows, Fig. 2 ). The relative rapamycin-resistance of Hsp mRNA translation is also seen in the 4-h rapamycin-treated heatshocked samples (lanes 10-12).
Rapamycin inhibits Hsp90 but not Hsp70 mRNA translation at normal growth temperature To specifically and precisely determine the effects of rapamycin treatment on Hsp mRNA translation, two additions to the basic protocol were incorporated. First, proteins were resolved by two-dimensional IEF/SDS-PAGE. This allows the quantitative analysis of Hsp90 mRNA translation. On one dimensional gels, especially under non-heat shock conditions, the Hsp90 band is faint and represents the summed intensity of numerous other ∼85-kDa proteins; 2D resolution allows its unambiguous detection. Second, cells used in the analyses were transfected with an inducible transgene expressing an mRNA containing the full-length Hsp70 mRNA 5′ untranslated region followed by a reporter sequence (Hess and Duncan 1996) . The translational properties of the reporter transgene recapitulate endogenous Hsp70 mRNA in all analyses to date (McGarry and Lindquist 1985; Hess and Duncan 1996) . Three hours before treatment the metallothionein promoter was induced with 500 μM Cu 2 SO 4 . The use of the inducible reporter system is required to investigate the effects of rapamycin on Hsp70 mRNA translation at nonheat shock temperatures, as no Hsp70 mRNA is normally expressed. The experimental goal is to compare and contrast the effects of rapamycin on the translation of Hsp90 and Hsp70 mRNA at non-heat shock and heat shock temperatures. As Hsp90 mRNA is present in non-heat shocked cells, no transfection analysis is required.
Rapamycin inhibits Hsp90 mRNA translation by up to 90% in non-heat shocked cells ( Fig. 3 ; quantified in Fig. 1b) ; approximately the same extent of inhibition is seen at 1 and 4 h, using 40 or 120 ng/ml (data not shown). The extent of Hsp90 mRNA translation inhibition by rapamycin is equal to or greater than global (non-heat shock) mRNA translation inhibition (based on quantifying Hsp90 and >10 non-heat shock protein spots in ≥6 independent analyses), indicating that Hsp90 mRNA is, if anything, more sensitive to the inhibitory molecular events induced by rapamycin treatment in non-heat shocked cells.
In striking contrast, the translation of the Hsp70 reporter transgene is unaffected by rapamycin treatment in the non-heat shocked cells (Fig. 3, Fig. 1b) . In contrast, the synthesis of the constitutive form of Hsp70 (Hsc70) is inhibited by rapamycin to the same extent as bulk non-heat shock proteins (quantification not shown, but see Fig. 3 ), and likewise is inhibited by heat shock. In conclusion, the Hsp90 and Hsp70 mRNAs respond quite distinctly to protein synthesis inhibition by rapamycin treatment under non-heat shock conditions.
Rapamycin has a reduced effect on Hsp90 mRNA translation during heat shock
The same 2D analysis of Hsp90 mRNA translation in rapamycin-treated cells was performed during heat shock. Fig. 1 Rapamycin inhibits protein synthesis. Drosophila S2 cells were incubated with 40 ng/ml rapamycin for 1 h, or left untreated. Some cells were transfected with Hsp70 reporter mRNA expression plasmid p70UTR (Hess and Duncan 1996) 3 days before rapamycin treatment (subsequently used for the 1-h treatment condition). Cells were either heat shocked (35°C for 10 min) or not, then pulse-labeled with 30 μCi/ml [ 35 S]methionine for 20 min. Protein samples were prepared as described. a: Quantified incorporation by TCA precipitation on GF/C filters and liquid scintillation counting. Rapamycin inhibition of protein synthesis at normal growth temperature is shown in dark bars at left, and at heat shock (35°C) in light bars at right. Parallel measurements of normal temperature translation, without and with rapamycin, were made by protein analysis by 2D IEF/SDS-PAGE, autoradiography, and densitometry of an array of ∼10 non-heat shock protein spots. b: Heat shock mRNA-directed protein synthesis was determined by 2D IEF/SDS-PAGE, autoradiography, and densitometry (see Fig. 3 for visual example) (dark bars, analysis at normal growth temperature; light bars, analysis at heat shock). Results represent the average and standard deviation of three to five replicates in most cases. c: Rapamycin treatment inhibits signaling downstream of TOR. S6 kinase activity/phosphorylation was analyzed using antiactive phospho-T389 antibody (Cell Signaling Technology #9205) and Western blotting after 1 h stimulation by 10% serum. S6K(P) (∼70 kDa; arrow) was reduced to undetectable levels following rapamycin treatment in several independent experiments Surprisingly, its translation is significantly less inhibited (Figs. 1 and 3) . This suggests that a heat-induced change in the mechanism of translation, based either in the mRNA itself or in the translational machinery, partially relieves the inhibitory effect of rapamycin. We can exclude the possibility that Hsp90 mRNA's enhanced translation during heat shock simply reflects the ability of a weakly initiating mRNA to translate more efficiently when competition is minimized due to the release of ribosomes from normal mRNA translation. In rapamycin-treated, non-heat shocked cells 70-80% of the translating ribosomes are released, thus relieving competition, yet there is no selective enhancement of Hsp90 mRNA translation; it is inhibited at least as much as the average non-heat mRNA.
Hsp70 mRNA translation is virtually unaffected by rapamycin treatment under heat shock labeling conditions (Fig. 3, quantified in Fig. 1b) . This parallels its translation properties in non-heat shocked cells, and confirms the impression formed by 1D and TCA analyses. The same complete resistance was seen for the endogenous Hsp70 mRNA and the transgene reporter form. Hsp22, 23 and 28 mRNAs' translation also was confirmed to be unaffected by rapamycin treatment using the 2D gel quantitation approach ( Fig. 3 ; only heat shock translation could be examined). These results confirm the conjecture proposed above, that Hsp mRNA translation is resistant to rapamycin, and further show that rapamycin-resistance Hsp mRNA translation occurs under heat shock and non-heat shock conditions, with the exception of Hsp90 mRNA translation.
Rapamycin effects on 4E-BP and eIF4E in Drosophila
The idiosyncratic sensitivity of Hsp90 mRNA translation to rapamycin treatment is consistent with observations that it is the only Hsp mRNA that contains significant 5′UTR secondary structure (Hess and Duncan 1996) , hence Fig. 2 Analysis of rapamycin effects on protein synthesis by 1D SDS-PAGE. Drosophila S2 cells were incubated with or without 40 or 120 ng/ml rapamycin for 1 (lanes 1-6) or 4 h (lanes 7-12). Cells were heat shocked cells and pulse-labeled as described in Fig. 1 legend. Cells used for the 1-h treatment analysis were transfected with p70UTR. Equal amounts of protein (equal cell numbers) were loaded into each lane of an SDS-PAGE gel (based on Bradford assays, and confirmed by Coomassie brilliant blue staining of the gel after electrophoresis). The dried gel was exposed to film and labeled proteins detected by autoradiography. Norm temp, cells labeled at normal growth temperature. The location of bands corresponding to heat shock proteins Hsp83, Hsp70, Hsp26/ 28, and Hsp22/23 are depicted on the right. Reporter protein expression is indicated by the arrow on the left border, as is actin. This analysis has been repeated in part or completely more than three times; a representative analysis is shown requiring eIF4E-dependent eIF4F-mediated RNA unwinding activity. Furthermore, its inhibition by rapamycin conforms to previous results showing that either 4E-BP overexpression or antisera-mediated eIF4E titration inhibits its translation (Zapata et al. 1991; Ahmed and Duncan 2004) . To confirm that the mechanism of rapamycin repression of Hsp90 mRNA occurred through the wellestablished pathway in which 4E-BP dephosphorylation Fig. 3 Rapamycin differentially affects heat shock protein synthesis. Drosophila S2 cells were treated and labeled as described in Fig. 1 legend. Protein samples were prepared as described for 2DGE (see "Materials and methods") and analyzed by IEF/SDS-PAGE. Equal amounts of protein (equal cell numbers) were loaded into each first dimension gel (based on Bradford assays, and confirmed by Coomassie brilliant blue staining of the gels after electrophoresis). Dried gels were exposed to film and labeled proteins detected by autoradiography. For quantitation, films were scanned with a densitometer, and the intensity of spots determined using the Labworks software (UV Products). The basic region of the gel is to the right, the acidic end to the left. Only a sector of the entire gel is shown in the panels. a, b: Cells labeled at normal growth temperature, without (a) and with (b) rapamycin. c, d: Cells labeled at heat shock temperature, without (c) and with (d) rapamycin. The trio of vertical spots in panel d are degradation products of Hsp70 (whose main spot is located directly above), which are variably observed. Hsps were identified in accord with previous studies (Storti et al. 1980; Ireland et al. 1982; Li and Duncan 1995) . The inset in the heat shock panels shows Hsp28 (four isoforms), which migrates at the basic perimeter of the gel (more basic than the sector of the gel shown in the panels). The location of Hsc70 is shown in panels a and b with asterisk causes inhibition of eIF4E and hence eIF4F, several complementary assays were conducted.
1) Dephosphorylation of 4E-BP Rapamycin inhibits TOR
leading to the dephosphorylation of 4E-BP, its increased association with eIF4E, and dissolution of the eIF4F complex (Gingras et al. 2001a ). This wellestablished pathway is based on numerous studies in a wide range of cell types (Gingras et al. 1999 ). Our findings, described below, suggest the intriguing alternative conclusion that Hsp90 mRNA translation inhibition is mediated by a distinct, as yet unknown, series of rapamycin-induced molecular events.
To examine whether rapamycin causes dephosphorylation of dm4E-BP, cells were treated with 40 ng/ml for 1 h, protein extracts prepared, and analyzed by 1DGE/immunoblotting. In all species examined, including Drosophila (Miron et al. 2001 (Miron et al. , 2003 , phosphorylated forms of 4E-BP can be identified as more slowly migrating (higher apparent molecular weight) forms. In our Drosophila cells under normal growth conditions (serum-replete; see "Materials and methods") typically >70% of 4E-BP is detected in the lowest apparent M r band ( Fig. 4a ; referred to as the α form by Miron et al. 2003) . A minor portion of 4E-BP migrates more slowly in a higher molecular weight band ( Fig. 4a ; the β form (Miron et al. 2003) ). Treatment with rapamycin reduces the β form to undetectable levels (Fig. 4 a) . Because the β form represents a minor fraction of the total, no detectable increase in the amount of α form is apparent in most analyses. Similar results have been reported by Miron et al. (2003) in their characterization of Drosophila 4E-BP.
2) Binding to eIF4E To examine whether rapamycin affected the extent of interaction of 4E-BP with eIF4E, rapamycin-treated and untreated cell extracts were applied to an m 7 GTP-Sepharose column, which quantitatively binds eIF4E and any associated proteins. In confirmation of the column analysis' efficacy, virtually all of the eIF4E applied to the column was recovered in the bound fraction (Fig. 4b,c) . 4E-BP is also exclusively detected in the bound fraction, without or with rapamycin treatment (Fig. 4b) ; there is no detectable 4E-BP in the non-bound fraction (Fig. 4c) . This is not unexpected as the majority of dm4E-BP is found in the rapidly migrating, "unphosphorylated" form in untreated serum- GTP-Sepharose column analysis. Drosophila S2 cells were treated (or not) with 40 ng/ml rapamycin for 60 min. Lysates were prepared for m 7 GTP-Sepharose analysis as described in "Materials and methods". An aliquot from each cell culture was also lysed in hSDS buffer (see "Materials and methods") and directly analyzed by SDS-PAGE and immunoblotting with anti-4E-BP antisera (panel a). Following rapamycin treatment, the prevalence of the 4E-BPα variant (lowest apparent Mr form) was unchanged to minimally increased (as shown in this panel). Note that the α band likely represents a mixture of phosphorylated and unphosphorylated 4E-BP. Results by ourselves and others (Fadden et al. 1997; Duncan and Song 1999; Gingras et al. 2001b ) have determined that 4E-BP is phosphorylated on ≥4 sites; higher phosphorylation states produce apparently higher molecular weight forms, but the monophosphorylated form migrates at the same apparent molecular weight as "unphosphorylated" 4E-BP. b: After binding to the column and washing with column buffer and column buffer containing 100 μM GDP, proteins were eluted with 100 μM m 7 GTP. Bound fractions were analyzed by SDS-PAGE and immunoblotting using antisera to eIF4E, 4E-BP, PABP, and eIF4G. Binding to the column was also assessed by comparing the input to the nonbound flow-through fraction (see "Materials and methods") (panel c) using the same panel of antibodies. The lower molecular weight band in panel c, PABP-sector, is a minimally degraded form of PABP (Lefrere and Duncan 1994) . Highly labile DmPABP is not quantitatively recovered in the bound + unbound fractions, possibly reflecting weak association and loss or degradation during binding the analysis. The analysis was repeated ≥5 times; representative results are depicted replete cells (Fig. 4a) . It mirrors our previous studies (Ahmed and Duncan 2004) , although it differs from the results reported by Miron et al. (2003) . eIF4G was primarily associated with eIF4E, based on retention of >75% of the input by the column either without or with rapamycin treatment. Hence, rapamycin causes no detectable dissociation of eIF4E-associated eIF4G in these cells (Fig. 4b) . Another protein reported to be associated with eIF4E, and bound to m 7 GTP-Sepharose, is the poly(A)-binding protein (PABP) (Tarun Jr. and Sachs 1996; Borman et al. 2002) ; however, no detectable association of dmPABP with dmeIF4E was observed (Fig. 4b) . As a control for non-specific retention, it was determined that the vast majority of proteins were quantitatively eluted in the non-bound fraction based on global comparison of protein abundance by PAGE/ staining (1D and 2D analyses: data not shown).
In conclusion, since dm4E-BP is primarily associated with dmeIF4E before and after rapamycin treatment, this mechanism does not appear to be the basis for Hsp90 mRNA-specific inhibition. Inquiry must be focused on other alternative pathways.
3) Protein complexes including eIF4E and 4E-BP To further examine whether eIF4E was targeted during rapamycin-mediated translation inhibition, an alternative approach was investigated. The most active form of eIF4E occurs when it associates with eIF4A and eIF4G in the eIF4F complex (Haghihat and Sonenberg 1997; Gross et al. 2003) , which likely contains many other translational components in the cellular context (Holz et al. 2005 ). m 7 GTP-Sepharose analysis provides little information about the portion of eIF4E present in high molecular mass, high activity complexes. 4E-BP is generally considered to exist as a free protein when inactive, and in a dimeric complex with eIF4E when functioning as a translational repressor (Gingras et al. 2001b) , although neither of these aspects has been rigorously addressed. Size-exclusion column chromatography can be used to characterize the macromolecular complexes in which eIF4E and 4E-BP occur (Duncan and Song 1999) .
Extracts from rapamycin-treated and untreated cells were applied to a Sepharose CL-6B column. Fractions from the elution profile were analyzed by immunoblotting using dmeIF4E and dm4E-BP antisera. In untreated cells eIF4E is detected in (1) very large complexes eluting in the void volume and in (2) a broad, small molecular-mass peak (Fig. 5a ). This broad peak approximates the elution profile of purified eIF4E. Treatment of cells with rapamycin has no effect on eIF4E's distribution profile (compare panels a, b, in Fig. 5 ). While this assay cannot establish which molecules interact with eIF4E to form high molecular mass complexes, numerous previous reports implicate the scaffolding protein eIF4G as bridging initiation factor and other translational regulatory proteins (Holz et al. 2005) .
4E-BP is principally detected in a broad small M r peak that roughly parallels the distribution of eIF4E (Fig. 5) . Rapamycin treatment has little effect on its distribution (compare panels in Fig. 5b) . These results indicate that rapamycin-induced translational inhibition, which reduces activity by >80%, does not cause any significant changes in the macromolecular states of either eIF4E or 4E-BP: eIF4E is not released from its high molecular mass complexes reflecting an induced association with 4E-BP, nor is increased 4E-BP/eIF4E association inferred from the 4E-BP distribution.
In sum, results in this section suggest that the rapamycininduced inhibition of protein synthesis cannot be simply explained by eIF4E/4E-BP interactions, and that the differential effects of rapamycin on heat shock mRNA protein synthesis may result from its targeting a heretofore uncharacterized step in mRNA translation (see Discussion section) to which Hsp90 mRNA is idiosyncratically sensitive under non-heat shock conditions. The Hsp90 mRNA's 5′ untranslated region confers the rapamycin-dependent translational characteristics To begin to probe the RNA basis for Hsp90 mRNA's translation inhibition by rapamycin treatment, chimeric mRNAs were analyzed. The ability of Hsp22 and Hsp70 mRNA to be preferentially translated during heat shock can be recapitulated by placing their respective 5′ untranslated regions before a reporter coding sequence (McGarry and Lindquist 1985; Hultmark et al. 1986; Lindquist and Petersen 1990; Hess and Duncan 1996) . Similarly, we have recently determined that Hsp90 mRNA's 5′UTR likewise contains all the requisite signals for heat shock translation (Ahmed and Duncan 2004) . Experiments reported above document that the Hsp70 mRNA 5′UTR also confers rapamycin-resistant translation at both normal and heat shock temperatures. In this section, the influence of Hsp90 mRNA's 5′UTR on rapamycin-perturbed translation is addressed.
An inducible reporter transgene containing the fulllength Hsp90 mRNA 5′UTR (Ahmed and Duncan 2004) was transfected into cells, and rapamycin treatment and pulse-labeling analysis performed 72 h later. The analysis shows (Fig. 6 ) that: 1) the transgene mRNA's translation was inhibited by rapamycin to the same extent as endogenous Hsp90 mRNA's translation under non-heat shock conditions (compare panels a and b in Fig. 6) ; and 2) during heat shock, the transgene's Hsp90 5′UTR conferred significant resistant to rapamycin-mediated trans-lational repression (compare panels c and d in Fig. 6 ). Again, this parallels the translational characteristics of the complete, endogenous Hsp90 mRNA. In conclusion, the Hsp90 mRNA 5′UTR is sufficient to confer the unique heat-regulated translational response to rapamycin comparing normal and heat shock temperatures.
Discussion
Rapamycin treatment strongly inhibits overall protein synthesis in Drosophila-cultured cells, but has little effect on Hsp70 mRNA translation at either normal growth temperature or during heat shock. In contrast, rapamycin strongly inhibits Hsp90 mRNA translation at normal growth temperature but only moderately represses it during heat shock. The analysis of the molecular mechanism for rapamycin-dependent inhibition of general protein synthesis points to a novel basis for repression.
Hsp mRNAs translate via a cap-dependent mechanism that may, however, remain quite efficient when levels of functional eIF4E/eIF4F are reduced. Evidence supporting this assertion includes: (1) translation is blocked by eIF4G cleavage or m 7 GTP cap analogue treatment (Song et al. 1995) ; (2) translation of in vitro synthesized uncapped Hsp mRNA is poor in vitro and in vivo (ibid.); and (3) overexpression of Dm4E-BP inhibits Hsp mRNA translation (Ahmed and Duncan 2004) . However, the sensitivity of Hsp70 mRNA to these inhibitors of cap-dependent translation is substantially less than most non-heat shock mRNAs, as we (Ahmed and Duncan 2004; Song et al. 1995) and others reported, showing that antibodies to eIF4E or eIF4G fail to significantly reduce translation of most Hsp mRNAs (Zapata et al. 1991 (Zapata et al. , 1994 and that eIF4E antisense RNA accentuates Hsp mRNA translation (De Benedetti et al. 1991) . Furthermore and notably, Zapata and colleagues observed that Hsp90 mRNA translation was significantly repressed by antibody treatment of Drosophila cell free Fig. 5 Association of eIF4E and 4E-BP with high molecular weight complexes. Drosophila S2 cells were treated (or not) with 40 ng/ml rapamycin for 60 min, lysates were prepared as described, and analyzed by Sepharose CL-6B column chromatography. Aliquots from fractions were analyzed by SDS-PAGE/immunoblotting using antisera to eIF4E (panel a) and 4E-BP (panel b). translation systems using amounts that had little to no effect on other Hsp mRNAs (Zapata et al. 1991 (Zapata et al. , 1994 . Hsp90 mRNA translation is also significantly more sensitive than Hsp70 mRNA to inhibition by overexpression of 4E-BP at normal growth temperature (Ahmed and Duncan 2004 ). Hsp90 mRNA is irrefutably efficiently translated during heat shock.
Rapamycin treatment causing potent inhibition of Hsp90 mRNA translation but with virtually no effect on Hsp70 mRNA translation is consistent with its primarily targeting cap-dependent translation, paralleling results reported by Zapata et al. (1991 Zapata et al. ( , 1994 ) (normal temperature analyses). Numerous previous reports implicate 4E-BP dephosphorylation as the mechanism of rapamycin-mediated repression. Indeed, we predicted our investigation of the mechanistic basis for rapamycin-mediated Hsp90 mRNA translational repression would confirm 4E-BP dephosphorylation, and release of eIF4E from eIF4G and high molecular mass high activity complexes, with attendant inhibition of capdependent translation. Surprisingly, careful characterization of each of these aspects provided no evidence for this mechanism of inhibition. While our analyses do not support a causal role for 4E-BP in inhibiting cap-dependent translation, it remains likely that other rapamycin-sensitive target(s) also exert their inhibitory effect on cap binding/5′ UTR unfolding/ribosome subunit scanning. Several attractive candidate targets, including eIF4G and eIF4B (Gingras et al. 2001a; Holz et al. 2005; Harris et al. 2006) , are dephosphorylated after rapamycin treatment (Raught et al. 2000 (Raught et al. , 2004 , but assays to characterize phosphorylation state-dependent functional alterations are not available for these despite extensive efforts, especially with regards to Drosophila factors. Whereas eIF4G cleavage, m 7 GTP cap analogue inhibition, or overexpression of 4E-BP all block Hsp70 mRNA translation, high concentrations of rapamycin do not. This provides further evidence that the mechanism of rapamycin inhibition in Drosophila cells is not occurring through 4E-BP.
Intriguingly, under heat shock conditions the rapamycininduced inhibition of Hsp90 mRNA is significantly less pronounced. Hsp90 mRNA translation also becomes less sensitive to the inhibitory effects of overexpressed 4E-BP during heat shock (Ahmed and Duncan 2004) . Hsp70 mRNA, as well as Hsp22, 23, and 28 mRNAs, remain resistant to rapamycin treatment under heat shock conditions (Figs. 1  and 3) . A global consequence of these observations is that overall heat shock protein synthesis, which is predominantly accounted for by Hsp mRNA translation, is only modestly inhibited by rapamycin (Fig. 1) . The sequence elements that facilitate heat shock-dependent escape from rapamycininduced inhibition of translation occur in Hsp90 mRNA's 5′UTR, as shown in Fig. 6 . This region also confers heat shock preferential translation on a reporter (Ahmed and Duncan 2004) . All evidence accumulated to date suggests rapamycin. The locations of endogenous Hsp90 and the protein expressed by reporter transgene containing the Hsp90 mRNA 5′UTR are indicated by arrows. In this analysis, >90% of the transgene protein signal was detected in the acidic spot; see "Materials and methods" for additional description of transgene spot distribution. The analysis was repeated five times, with similar quantitative results obtained. In cells used in this series of experiments, both endogenous Hsp90 mRNA and transgene Hsp90 5′UTR reporter mRNA were translated during rapamycin/heat shock at 70-90% the no treatment/ heat shock rate that the 5′UTR region of the heat shock mRNAs confers their unique translational characteristics, to heat shock as shown previously by ourselves and others (McGarry and Lindquist 1985; Hultmark et al. 1986; Hess and Duncan 1996; Ahmed and Duncan 2004) , and to rapamycin as shown in this report.
Rapamycin treatment's differential effects on Hsp90 vs. Hsp70 mRNA translation support the proposal (Ahmed and Duncan 2004) of distinct "pathways" for preferential translation. A corollary is that the mechanism of Hsp90 mRNA translation is altered by heat shock. We suggest that heat reprograms Hsp90 mRNA translation from being highly cap-dependent to relatively resistant to cap-dependent function inhibition. Heat may destabilize secondary structure elements resulting in enhanced access of translation factors and/or exposure of primary sequence elements that enhance translation during heat shock. Our deletion analyses of the Hsp90 5′UTR indicate that an ∼40 nucleotide segment preceding the initiator AUG is critical for Hsp90 mRNA's translation during heat shock (Ahmed and Duncan 2004) . The proposal of two distinct temperature-dependent modes of Hsp90 mRNA translation is consistent with the results of Zapata et al. (1991 Zapata et al. ( , 1994 who only documented Hsp90 mRNA inhibition by antibody treatments in normal temperature translation analyses. It provides a resolution to the enigma of how Hsp90 mRNA can both be translated efficiently during heat shock when eIF4F is inhibited, which is a well-documented consequence of heat shock (Duncan 1996) , and yet exquisitely sensitive to eIF4F inhibition at normal growth temperature.
Future experiments will provide evidence to buttress this proposal of a translational pathway shift for Hsp90 mRNA translation in Drosophila, and to elucidate its mechanism. Additional work will also be required to determine the generality of heat shock translation mechanisms elucidated in Drosophila to other organisms, including mammals, which contain a significantly more diverse repertoire of heat shock protein mRNAs. For example, mammals possess distinct Hsp90 isoforms whose mRNAs may show distinct heat shock translation responses. Furthermore, mammalian Hsp mRNAs (including Hsp70 and Hsp90 isoforms) characteristically possess more extensive secondary structure than the average non-heat shock mRNA (Duncan, unpublished results) precluding the types of "structure-less bypass" models proposed for Drosophila Hsp70 mRNA. Indeed, Schneider and colleagues have provided evidence for an Hsp70 mRNA translation pathway based on ribosome shunting in mammals (Yueh and Schneider 2000) . It will be intriguing to determine if the same mechanism applies to Hsp90 mRNA translation in mammals, or if, as in Drosophila, different Hsp mRNAs have evolved distinct mechanisms to achieve preferential translation during heat shock.
